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ReviewThe Birth of a Channel
catalyze peptide bond formation (for structures, see BanCarol Deutsch*
Department of Physiology et al., 2000; Beckmann et al., 2001; Gabashvili et al.,
2001; Harms et al., 2001; Menetret et al., 2000; NissenUniversity of Pennsylvania
Philadelphia, Pennsylvania 19104 et al., 2000). There is indeed a birth canal, the ribosome
tunnel, which begins at the PTC and runs through the
large subunit to exit ports some distance away. The
nascent channel peptide travels through this birth canalAn ion channel protein begins life as a nascent peptide
inside a ribosome, moves to the endoplasmic reticu- as the peptide is elongated. (“Nascent” is used to denote
peptides still bound as peptidyl-tRNA to the PTC of thelum where it becomes integrated into the lipid bilayer,
and ultimately forms a functional unit that conducts large ribosomal subunit.) The dimensions of the tunnel,
100 A˚ in length and 10–20 A˚ in diameter, are wide enoughions in a well-regulated fashion. Here, I discuss the
nascent peptide and its tasks as it wends its way to accommodate secondary, e.g., an  helix, which has
a 10–20 A˚ diameter, but perhaps not tertiary conforma-through ribosomal tunnels and exit ports, through
translocons, and into the bilayer. We are just beginning tions of the channel protein. Thus, proteins likely acquire
their tertiary structures after emerging from the ribo-to explore the sequence of these events, mechanisms
of ion channel structure formation, when biogenic de- some, a feat that requires at least 30 to 70 amino acids
in length for the tethered peptide to traverse the 100 A˚cisions are made, and by which participants. These
decisions include when to exit the endoplasmic reticu- long tunnel. Proteins still tethered to the PTC can fold
and even acquire enzymatic activity shortly after exitinglum and with whom to associate. Such issues govern
the expression of ion channels at the cell surface and the ribosomal tunnel (Kowarik et al., 2002; Kudlicki et
al., 1995). Similar studies are just beginning to be avail-thus the electrical activity of a cell.
able for nascent K channels. For example, for Kv1.3,
a voltage-gated potassium channel (Kv), the N-terminalThe defining feature of a neuron is its excitability, waves
of electrical signals generated by the activity of ion chan- domain of the nascent peptide can acquire tertiary struc-
ture after exiting the ribosome (Kosolapov and Deutsch,nels. Functionally, these complex proteins have been
well understood for many decades, especially since the 2003), but not before (A. Kosolapov and C.D., unpub-
lished data). We do not yet know the specific constraintsadvent of techniques for tracking ion movement (voltage
clamp) and protein movement (fluorescence and cys- on channel folding, precisely how much folding occurs
at the stage of emergence, nor the full cast of enablers.teine scanning accessibility). More recently, we have
witnessed the proliferation of crystallographic and cryo- However, ribosomes, specifically 23S rRNA (in the large
subunit of prokaryotes), do have chaperone-like activityEM structures for a variety of ion channels or their sub-
domains, as well as biochemical evidence that channels (Das et al., 1996; Kudlicki et al., 1997). Inside the ribo-
some, what environment does the protein experience?are macromolecular complexes of different types of pro-
teins. While the architecture has explained many mecha- The question is particularly interesting given that trans-
membrane segments of an ion channel can be dramati-nisms of gating and permeation, it leaves unanswered
how these complex structures arise. Each pore-forming cally different. For example, -helical segment S4, the
main voltage sensor in a Kv channel, contains severalsubunit of a channel begins life as independently trans-
lated monomers emerging from individual ribosomes. It positively charged residues, distributed every third resi-
due around the  helix (Figure 2A). Does it traverse theis the molecular journey from the earliest points in mRNA
translation, where the nascent chain resides within the same path as a strongly hydrophobic transmembrane
segment such as S6 in the same Kv protein?ribosome, to higher-order assembly and trafficking that
is the subject of this review. Retirement, death, and
disposal are (as in our lives) deferred. Protein as Barcode
Once a nascent chain begins to elongate, it can survey
In the Beginning its environment, itself, or be the subject of surveillance,
The birth of a channel begins when newly exported thus the twin birth of peptide and signaling potential. The
mRNA associates with cytosolic ribosomes and tRNA nascent peptide is now a barcode. Amino acid sequence
and undergoes translation. This is a multiple birth. A motifs are decoded in the exit tunnel and influence elon-
polysome (a string of many ribosomes on a single mRNA gation, pausing, and termination steps (Lovett and Rog-
molecule) forms and is engaged in the synthesis of multi- ers, 1996; Morris and Geballe, 2000; Kramer et al., 1999;
ple copies of the channel protein. The ribosome is com- Tenson and Ehrenberg, 2002), and even the choice of
posed of two subunits, made of both rRNA and protein. routes to travel and emerge (Choi and Brimacombe,
The small subunit decodes mRNA; the large subunit 1998; Clark and King, 2001; Komar et al., 1997). More-
effects protein synthesis via the peptidyl transferase over, a constricted part of the exit tunnel, composed of
center (PTC) located in a cavity at the interface between both protein and RNA, reads the nascent peptide and
the two subunits (Figure 1A). The PTC is composed acts as a discriminating gate to regulate rates of transla-
of RNA, which supposedly functions as a ribozyme to tion (Berisio et al., 2003; Nakatogawa and Ito, 2002).
Even more intriguingly, nascent peptides may not tra-
verse the ribosome in a linear fashion but can circle back*Correspondence: cjd@mail.med.upenn.edu
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also stop translocation across the membrane (Tu et al.,
2000). The second transmembrane segment, S2, func-
tions as the signal sequence. Similarly, in the CFTR Cl
channel, the second transmembrane segment serves to
target the channel to the ER (Lu et al., 1998). Conse-
quently, the first several hundred amino acids are avail-
able for a short time in the cytosol and may fold and/or
associate with other proteins or factors. However, there
is evidence that ER-bound ribosomes can initiate protein
synthesis de novo (Potter and Nicchitta, 2000). If so, could
insertion of the nascent peptide start with S1?
Topologically, the inside of the ER is equivalent to
the extracellular space and contains a unique group of
proteins and factors that modify the nascent channel
peptides, as well as regulate the intralumenal milieu
(Figure 2B). Upon arrival at the ER, the ribosome/
nascent peptide complex binds to the translocon, a
multiprotein complex that forms an aqueous pore
through which the nascent channel peptide enters the
ER lumen (Johnson and van Waes, 1999; Figure 1). The
ribosome exit tunnel aligns with the aqueous pore of
the translocon, which spans the bilayer and only opens
Figure 1. The Ribosome/Nascent Peptide/Translocon Complex to the lumen when a translocating peptide reaches a
(A) The large subunit (L, green) and small subunit (S, purple) are in certain length (Crowley et al., 1994). Two orthogonal
the cytosol and are bound to the translocon (light blue) in the ER events are governed by the translocon: translocation
membrane. The tRNA (indicated in black) resides in the peptidyl across the bilayer and integration into the bilayer (Figure
transferase center (PTC). Emerging from it is the nascent peptide
1A). The amino acid sequence of the nascent protein,(red), which travels through the ribosome tunnel to the exit site. A
read by the bound ribosome and chaperone proteins,chaperone protein (BIP, dark blue) is shown in the ER lumen, in
appears to govern these choices (Johnson and vanclose association with the translocon. mRNA is omitted for clarity.
Translocation across the ER membrane is shown in the left image. Waes, 1999). For example, a transmembrane segment
Note that entry into the lumen is denoted by a clear pathway; BIP can cause a pause in translocation. The segment is read
(dark blue) is swung out of the way. Integration into the bilayer is as a barcode in the ribosome, and a signal-transducing
shown in the right image. Note that BIP seals off entry into the lumen mechanism communicates with distant gates in the
at some stages during integration.
translocon to ensure proper entry (and orientation) into(B) Two models are shown for emergence of cytosolic loops: the
the bilayer. Signals to open and close the transloconribosome-translocon seal is partially broken (left, Haigh and John-
pore may be given by sequence motifs that are onlyson, 2002) or a 15 A˚ gap between the ribosome and the translocon
is bridged by connectors that form windows through which the four amino acids away from the PTC (Liao et al., 1997).
cytosolic loop of the nascent peptide exits into the cytosol (right, Such signaling is likely to be a fundamental feature of
Menetret et al., 2000). ion channel biogenesis, since ion channels are polytopic
membrane proteins.
Translocation defines the sidedness (transmembrane
through the region of the PTC (Choi and Brimacombe, topology) of the channel protein and, thus, the location
1998), thus allowing nascent peptide to scan its own of folding events for cytoplasmic domains and for extra-
new domains as they are made. (NB: Prokaryote and cellular/lumenal domains. Topological fate is deter-
eukaryote ribosomes differ somewhat in structure and mined in the translocon. This entails a multitude of in-
regulatory proteins. Thus, some of the above character- triguing issues. For polytopic ion channels, how do
istics may apply to one but not the other ribosome.) consecutive transmembrane segments orient in oppo-
Upon emergence of a specific amino acid sequence site directions? Transmembrane segments may insert
from the ribosome, the entire nascent peptide/ribosome in pairwise fashion, or consecutive transmembrane seg-
complex is targeted to the ER membrane where synthe- ments may invert 180 upon entry or residence in the
sis continues. Typically, targeting of membrane proteins translocon. How and when is topology decided? Are
involves a signal sequence in the N terminus that binds proteins the only topological determinant, or can lipids
a signal recognition particle (SRP), which subsequently help orient the nascent peptide?
binds to a receptor on the ER membrane. Since hydro- Topological fate is encoded by the amino acid se-
phobicity and helicity of the nascent peptide are critical quences in the transmembrane and its flanking regions.
for its interaction with SRP, and subsequently the ER, This encoding has been characterized for a few ion
acquisition of secondary structure in the ribosome tun- channels: CFTR, Kv1.3, KAT1 (Lu et al., 1998; Sato et
nel may be important for efficient ion channel biogene- al., 2002; Tu et al., 2000). In a channel polypeptide, it is
sis. The acetylcholine receptor channel has a cleavable clear that transmembrane segments are topogenically
signal sequence (Anderson et al., 1982), whereas Kv nonequivalent and that multiple topogenic determinants
channels do not. Rather, Kv channels use transmem- can cooperate in biogenic units to facilitate integration
brane domains for targeting. For Kv1.3, several individ- into the bilayer (Sato et al., 2002; Tu et al., 2000) (Figure
ual transmembrane segments are able to target to the 2). Deciphering the details of this code and the code
readers/executors is our next frontier.ER and translocate across the membrane, while others
Review
267
Figure 2. Kv Membrane Topology
(A) Cartoon of a Kv monomer. The six trans-
membrane segments (S1-S6) are shown in
yellow (one topological configuration, but see
Jiang et al., 2003a, 2003b). The N and C ter-
mini are in the cytosol. A T1 recognition do-
main is indicated in green, and a glycosylation
site between S1 and S2 is indicated by the
ball and stick. Brackets indicate putative bio-
genic units. Charges ( and ) are indicated
for some of the residues in the transmem-
brane domains of the voltage sensor (S1-S4).
The pore region includes S5-P-S6, where P
is the intervening loop between S5 and S6.
S1-S4 is the voltage sensor domain.
(B) Opposite topologies for a Kv monomer in
the plasma membrane and the ER membrane
are shown. In both cases, the N and C termini
are in the cytosol.
When are these topogenic decisions made? One pos- some coordinated fashion (Hegde and Lingappa, 1997;
Figure 3).sibility is that a transmembrane segment establishes
topology before translation of the subsequent trans- For some proteins, a sequential one-at-a-time “spool-
ing” mechanism makes sense, but for others, it may not.membrane segment. Alternatively, as is the case for
Kv1.3 (and CFTR), the first transmembrane segment In Kv channels, transmembrane segments S2, S3, and
S4 contain negatively and positively charged residues,achieves its topology only after the second transmem-
brane segment is synthesized (Lu et al., 1998; Tu et al., yet these transmembrane segments are integrated into
the hydrophobic bilayer (Tu et al., 2000). How is this2000). Interestingly, these topogenic decisions do not
have to be irrevocable (Lu et al., 2000). possible? Interactions between transmembrane regions
may actually be required for them to be stable in theFinally, it is intriguing to consider that protein-lipid
interactions may contribute to topological decisions. membrane bilayer (e.g., neutralizing charges, satisfying
H bonds). In these cases, it makes sense that multispan-Because a transmembrane segment is adjacent to both
phospholipids and translocon proteins in the translocon ning transmembrane regions (biogenic units) should be
formed and even reoriented within the translocon before(McCormick et al., 2003), charged lipid head groups may
actively serve to effect a particular topological or folding integration into the bilayer. An expandable translocon
(20–60 A˚; Hamman et al., 1997) can accommodate multi-event at specific biogenic stages (Wang et al., 2002b).
Eventually, the transmembrane segment of a nascent ple boarders (Borel and Simon, 1996; Do et al., 1996;
Thrift et al., 1991). Not only might the translocon widenchannel peptide exits the translocon and integrates into
the hydrophobic interior of the bilayer. A transmembrane during translocation, it may also contract during integra-
tion of the nascent peptide into the bilayer (Haigh andsegment moves sequentially from the center of the
translocon to the periphery, making specific contacts Johnson, 2002). For some non-channel proteins, trans-
membrane segments integrate into the bilayer soon afterwith constitutive translocon proteins along the way (Do
et al., 1996; McCormick et al., 2003). Do all transmem- entering the translocon (Mothes et al., 1997), and hy-
drophobic signal-anchor transmembrane sequencesbrane segments traverse the same route? In one protein,
opsin, the relative position of each transmembrane seg- can contact phospholipid while the rest of the polypep-
tide is still being translated (Martoglio et al., 1995;ment in the polypeptide determines which translocon
protein associates with it during membrane integration McCormick et al., 2003). In Kv1.3 and in KAT1, multiple
transmembrane segments interact with each other, re-(Meacock et al., 2002). But, this leaves open the question
of when, and how many, transmembrane segments sulting in translocation and integration efficiencies for
S2-S3-S4 and S5-P-S6 (“P” indicates “pore loop” be-leave the translocon at a time. They could leave one
transmembrane segment at a time, sequentially, or in tween S5 and S6) peptide fragments that are markedly
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Figure 3. Integration Models
(Top) The “spooling” model depicts sequen-
tial integration of each transmembrane seg-
ment (heavy black line). (Bottom) In the bio-
genic unit model, several transmembrane
segments are housed within an expandable
translocon (light blue) and are later released
into the bilayer while subsequent transmem-
brane segments continue to be made, ori-
ented, and associated with the translocon.
In both models, the lumenal gate (BIP, not
shown) and ribosome-membrane junction
open and close, modulated by sequences in
the nascent peptide, while maintaining the
permeability barrier of the membrane. Modi-
fied after Hegde and Lingappa (Hegde and
Lingappa, 1997).
different from the corresponding single transmembrane the ribosome, associated factors [Fedorov and Baldwin,
1995; Makeyev et al., 1996]), some by the translocon.fragments (Sato et al., 2002; Tu et al., 2000) (see Figure
2). This suggests that S2-S3-S4 and S5-P-S6 are modu- Likewise, these structures can serve as chaperones
(Das et al., 1996; Kudlicki et al., 1997), along with solublelar biogenic units that form, fold, and orient within the
translocon. Indeed, the core of Kv channels is made of chaperones. There is ample room inside a translocon
for a protein to fold (Kowarik et al., 2002). Indeed, foldingtwo modular functional units, the voltage sensor (S1-
S4) and the pore (S5-P-S6), and crystal structures of can occur cotranslationally immediately after a domain
has emerged from the ribosome while the rest of theeach of these units have recently been obtained (Doyle
et al., 1998; Jiang et al., 2003a). What is it about the peptide remains attached to the PTC only 40 to 50 amino
acids away (Kowarik et al., 2002; Kudlicki et al., 1995;membrane spanning sequences of ion channels and the
translocon that decides whether transmembrane re- Makeyev et al., 1996; Nicola et al., 1999). There is also
an intriguing possibility for tertiary structure formationgions traverse the membrane as they are synthesized
or following assembly in the translocon? We do not inside the cramped ribosome tunnel. If the ribosome
were conformationally dynamic, then it could pull andknow. Nonetheless, it is clear that the translocon partici-
pates actively in regulating nascent chain entry into the tug a malleable nascent peptide along through the tun-
nel from the PTC to the exit port while direct interactionsER membrane (McCormick et al., 2003).
Then there is the question of cytosolic loops. How do between nascent peptide and ribosomal components
promote folding, a kind of peristaltic remolding of thethey get into the cytosol without collapsing the perme-
ability barrier of the ER membrane? Two answers have growing peptide on its journey. Alternatively, the tunnel
could serve as a distensible conduit in which the peptidebeen suggested. While the lumenal end of the translocon
pore remains sealed, the ribosome-translocon junction folds spontaneously (Hardesty and Kramer, 2001).
could partially open to permit exit of cytosolic loops Folding (when, where, how) is a complex issue for ion
(Haigh and Johnson, 2002; Figure 1B, left). Alternatively, channels composed of many biogenic and functional
a 15 A˚ gap between the ribosome and the translocon, domains. There are recognition domains, ligand binding
spanned by connectors (Figure 1B, right), could provide domains, gates, sensors for gating, and pores. One na-
lateral openings through which cytosolic loops exit de- ive premise is that these different domains fold indepen-
spite a colinear arrangement of the ribosome and dently and sequentially, N-terminal to C-terminal, as
translocon (Beckmann et al., 2001; Menetret et al., 2000). they are synthesized and exit the ribosome tunnel
According to this model, a transmembrane segment (Netzer and Hartl, 1998). Some domains may fold before
would halt peptide translocation in the translocon and targeting to the ER membrane, others at a later stage
then integrate into the bilayer, dragging the next seg- of biogenesis, perhaps requiring oligomerization. Some
ment of nascent peptide through the lateral gap open- may enlist the aid of chaperones in the membrane or
ings into the cytosol (Menetret et al., 2000). cytosol. We have been somewhat limited in assigning
folding of specific domains to discrete stages in biogen-
esis, mostly due to a lack of tools to directly measure theFolding along the Way
folded state of the protein. Often, we infer a misfolded orNascent channel peptides presumably fold during all
unfolded state from the diagnosis that a channel proteinstages of biogenesis. At each step, there are both con-
is “trapped” in the ER, determined from measurementsstraints and aids. Some constraints are imposed by the
ribosome (e.g., attachment to the PTC, distance from of surface labeling, immunohistochemistry, or lumi-
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nometry. These measurements tell us only about the 1992; Shen et al., 1993]). Although T1-deleted Kv sub-
units associate promiscuously via transmembrane asso-location and nothing about the foldedness of the protein
ciation domains to form stable, functional channels,or a particular domain.
both the rates and efficiency of tetramer formation areCrosslinking assays have been useful in this respect,
significantly lower (Deutsch, 2002).for example, to infer that steps of Kv folding and assem-
T1 domains of nascent Kv channel peptides interactbly alternate during channel biogenesis (Schulteis et
and can be crosslinked prior to synthesis of the full-al., 1998). Folding events to form the pore and voltage
length channel subunit (Lu et al., 2001). This intersubunitsensors may occur late in the sequence, after synthesis,
interaction is facilitated by the ER membrane, presum-insertion, tetramerization, and association with auxiliary
ably due to concentration or restricted orientation ofsubunits, but prior to formation of N- and C-terminal
T1 domains and thus speedier oligomerization. Suchproximity. However, the spatial and temporal details of
membrane-dependent mechanisms could protect againstthese folding events are not known. Direct measure-
premature folding and oligomerization of membranements of folding of a monomeric T1 recognition domain
proteins prior to targeting. T1-T1 interactions in nascent(Figure 2A; for definition of “T1,” see below) in Kv chan-
Kv subunits may serve to globally restrict subunits innels has been made using an assay that relies on intra-
the ER membrane, producing a local high concentrationmolecular crosslinking of pairs of cysteines engineered
of subunits that kinetically expedites folding and tetra-at the folded monomer T1 interface (Kosolapov and
merization of transmembrane domains (Lu et al., 2001;Deutsch, 2003). This recognition domain is largely folded
Zerangue et al., 2000). A related issue is: what governssoon after the Kv protein arrives at the ER membrane
hetero- versus homotetramer formation for the sameand only partially folded on the ribosome before tar-
recognition domain? Heteromeric Kv channels withgeting. These findings, along with those pertaining to
unique properties exist in most tissues, including braintetramerization of this domain (see below) suggest that
and heart, and are critical for normal function. The princi-folding and tetramerization are coupled events that are
ples determining whether channel subunits assemblefacilitated by the ER membrane (Kosolapov and
predominantly with themselves or with other membersDeutsch, 2003; Lu et al., 2001). Similar experiments are
of the gene family are thus of great importance but asnecessary to elucidate the stepwise mechanism of fold-
yet undefined. When two different monomers containinging of the voltage sensor, the permeation pore, and
compatible recognition domains are expressed withinthe gates.
the same cell, the resultant compositions and stoichio-Last, but definitely not least, is the full association,
metries of tetramers could vary extensively. At one ex-folding, and integration of the complete quaternary
treme, preferential association yields only homotetramers;channel protein in the bilayer. Only when mature protein-
at the other, random association yields a binominallyprotein, protein-lipid, and protein-aqueous interfaces
weighted mixture of homo- and heterotetramers. How-are formed can the channel begin its career conducting
ever, in some cases, only heterotetramers form (Deutsch,ions across the membrane. The temporal sequence of
2002). Although it appears that the degree of temporalinterface formation is a yet-unexplored frontier.
overlap and kinetics of subunit expression govern the
proportions of homo- and heterotetramers (Panyi and
Finding the Right Partners
Deutsch, 1996), little is known (with the exception of
Neurons contain a diverse repertoire of ion channel com-
CNG channels [Zhong et al., 2003], below) about the
plexes, due largely to the combinatorics of pore-forming mechanisms for this regulated distribution in vivo. One
and auxiliary subunits. Thus, the cell must ensure that fascinating possibility is that different but related
associating subunits coexist spatially and temporally, mRNAs are bound in a translational unit via RNA binding
recognize each other, and provide sufficient stabiliza- proteins and are coordinately translated (Keene and
tion energy to form a stable structure. When and where Tenenbaum, 2002).
does this occur? With the exception of some gap junc- Not all recognition domains are located exclusively in
tion channels (Sarma et al., 2002), the ER is the likely the N terminus of K channels. Rather, some appear to
site of oligomerization for all ion channels (Deutsch, be in the C terminus or transmembrane domains (see
2002). How does a cell maintain its channel repertoire Deutsch, 2002). For example, CNG channels are tetra-
and select among all possible combinations of pore- meric, with a stoichiometry of 3A:1B subunits (Weitz et
forming subunit types and stoichiometries? The answer, al., 2002; Zheng et al., 2002; Zhong et al., 2002). A CLZ
in part, is encoded in the subunit protein itself, in so- domain, found only in the C terminus of the A subunit, is
called recognition domains. (However, we should re- responsible for this selective heterotetramer formation
member that recognition domains may be different from due to CLZ trimerization of the A subunits (Zhong et al.,
stabilization domains that hold a mature channel to- 2003). However, if C-terminal recognition domains are
gether. In most cases, we have not yet experimentally responsible for tetramer formation and are also the last
discriminated these two.) We consider two examples: to be synthesized, then what is the mechanism for oligo-
an N-terminal recognition domain, T1, in Kv channels, merization? The mechanism is likely to be distinctly dif-
and a C-terminal leucine zipper, CLZ, in the A subunit ferent from that involving N-terminal recognition do-
of cyclic nucleotide-gated (CNG) channels. mains, which are translated and functionally available
Only members of the same Kv1-Kv4 subfamilies coas- prior to synthesis of the rest of the nascent subunit.
semble to form channels (Covarrubias et al., 1991; Xu Possibly the channel is held in the translocon and re-
et al., 1995). This is due to a highly conserved sequence leased into the bilayer in a coupled, synchronous event
in the cytosolic N terminus of Kv channels, christened with C-terminal tetramerization. Nothing is known about
the temporal or spatial sequence of events of this tetra-the “T1 domain” (first tetramerization domain [Li et al.,
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merization with respect to cotranslation and/or inte- dependent CaM (Peterson et al., 1999). These examples
illustrate an escort role and perhaps even a chaperonegration.
or scaffolding role, for the auxiliary protein. However,In principle, any peptide domain imbued with the nec-
CaM modulation of ion channel biogenesis and functionessary properties (e.g., high affinity, specificity) could
is idiosyncratic. For KCNQ potassium channels, CaMserve as a recognition and/or stabilization domain. Proof
is also constitutively associated but inhibition of CaMof principle was elegantly demonstrated by Zerangue
binding does not prevent surface expression (Wen andet al. (2000), who replaced the T1 domain of Shaker B
Levitan, 2002).with a coiled-coil sequence (GCN4-L1) that forms paral-
Dual roles may be ascribed to another class of cyto-lel tetramers. This artificial tetramerization domain re-
solic auxiliary subunits, the so-called  subunits thatstored efficient channel formation to a T1-deleted
associate with Kv channels (“ subunits”). These includeShaker protein.
soluble cytosolic Kv isoforms and K-channel inter-How do four Kv subunits come together? Tetramers
acting protein (KChIP) subunits. (KChIP is also a calciumcould form via concerted or stepwise mechanisms. Two
binding protein, but neither its functional role nor bio-stepwise possibilities were explored by Tu and Deutsch
genic role has been shown to be Ca dependent.) For(1999) for Kv1.3. One is by sequential addition of mono-
some of these, we know something about the specificitymers to form dimers, then trimers, and finally, tetramers.
and association domains in the pore-forming subunitAlternatively, monomers may associate to form dimers,
and in the auxiliary subunit (Bahring et al., 2001; Xu etwhich then dimerize to form tetramers. The dominant
al., 1998). While these auxiliary subunits have markedpathway in Kv tetramer formation is dimerization of di-
functional effects, particularly on gating, they also in-mers. Moreover, conformational changes accompany
crease stability and cell surface expression of Kv chan-dimer formation, thereby creating new interaction sites
nels (An et al., 2000; Bahring et al., 2001; Beck et al.,that are used in the next stage to form tetramers. The
2002; Xu et al., 1998). And another, completely differentspecific interactions underlying each stage are un-
auxiliary subunit of the Kv4 family, related to dipepti-known.
dases that span the membrane and contribute to cell
adhesion, modulates gating and surface expression (Na-The Social Scene
dal et al., 2003).A mature ion channel in the plasma membrane is more
 and  subunits associate in the ER (Nagaya andthan just pore-forming subunits. It is a multicomponent
Papazian, 1997), and a chaperone-like role early in as-macrocomplex of pore-forming subunits and other aux-
sembly in the ER has been proposed for  subunitsiliary proteins that modulate function. Thus, a critical
(Accili et al., 1997; Shi et al., 1996). The structure of theelement of ion channel ontogeny is the association of
complexes of the pore-forming channel and  subunitsthese components to ultimately form the mature channel
consists of the T1 tetramer (see above) docked ontocomplex. In principle, all compartments along the ER-to-
the  tetramer to form an octomeric structure with aplasma membrane journey could host such association.
stoichiometry of T144 (Figure 4; Gulbis et al., 2000).Auxiliary proteins have been crafted to serve dual roles:
However, we know nothing about the sequence of
modulators of function and modulators of biogenesis/
events that gives rise to this structure. Although the :
trafficking. We refer to this as a cell’s economy of pur-
stoichiometry first reported was 1:1, it now appears that
pose. Except in a few cases (see below), the mecha-
Kv1 and Kv2 associate with  subunits in two different
nisms of biogenic facilitation are not known, nor where, functional stoichiometries: 41n (where n  0–4) andwhen, or how auxiliary subunits associate with their
424, which may underlie their different roles in channelpore-forming counterparts. Association could be co- function and expression, respectively (Xu et al., 1998).
translational or posttranslational. Auxiliary membrane How do these different stoichiometries arise? Do  sub-
proteins could associate with pore-forming subunits at units first self-associate to form various oligomeric n
their mutual peripheries or could intercalate between stoichiometries and then associate with an  tetramer;
pore-forming subunits. One stoichiometry or multiple do  subunits individually, and sequentially, associate
stoichiometries may predominate. While these funda- with  tetramers; or do  and  subunits associate to
mental assembly issues remain both intriguing and in form a heterodimer, which subsequently associates with
most cases, unresolved, they hold clues to the role of other  dimers to form the octomeric 4:4 complex?
auxiliary subunits in assembly. We will consider only a The first scenario is likely to prevail in the case of 424,
couple of examples. consistent with the positive cooperativity for 2 binding
First, there is calmodulin (CaM), a ubiquitous cytosolic to itself, and would account for the apparent higher
Ca binding protein. It associates with many channel avidity of2 for Kv channels, since a tetrameric2 would
types, including the Ca2-activated small conductance provide multivalent interactions (Xu et al., 1998).
K channel (SK) (Figure 4). CaM, which constitutively It is the sequence of association events that may shed
associates with SK subunits in a calcium-independent light on the role of auxiliary subunits in assembly (Zer-
manner (Xia et al., 1998), binds calcium, which activates angue et al., 2000). For example, if T1 self-association
the channel. When does this marriage occur? Apparently occurs first, T1 could serve as a scaffold for folding the
early in biogenesis, because surface expression of SK rest of the channel structure. Likewise, Kv tetramer,
requires CaM (but not Ca2 bound CaM [Joiner et al., if it associates early in assembly, could scaffold the
2001; Lee et al., 2003]). The Ca-sensing function of CaM tetramerization of T1. Even the reverse may be consid-
does not seem to be involved in its biogenic role. Another ered: the early tetramerization of the folded T1 domain
example is the L-type Ca channel, which also constitu- may facilitate Kv tetramerization. Kv’s possible role
as chaperone, scaffold, modulator, and/or transducertively binds CaM. Surface expression is governed by Ca-
Review
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Figure 4. Macrocomplexes of Ion Channels
Kv, SK, and voltage-dependent calcium
channels (Cav) assemble with auxiliary sub-
units (dark blue). For Kv channels, the T1 do-
mains associate with  subunits (foreshort-
ened cylinder; Gulbis et al., 2000); for SK
channels, the C terminus associates with cal-
modulin (two-lobed symbol; Lee et al., 2003);
for Cav, both N and C termini and the loop
between domains II and III associate with
AKAP, which recruits kinase (PKA) and phos-
phatase (PP2A) (Altier et al., 2002; Davare et
al., 1999). In all cases, the structures are not
drawn to scale. For simplicity, the N termini
for SK are not shown, nor are the C termini
for the Kv channel.
will likely be implicated by the temporal sequence and A good example of primary sequence motifs directing
retrograde movement is the KATP channel, which is as-stoichiometry of  association.
sembled as an octomer with a 1:1 stoichiometry of po-Finally, we must again ask how the right partners find
tassium inward rectifying channel subunits (KIR) andeach other. In this case, the partners are the constitu-
auxiliary SUR subunits (sulfonyl urea receptor). The SURtively associated auxiliary subunits and pore-forming
subunits modulate function and drug sensitivity of chan-subunits. If association is cotranslational, then one pro-
nel activity (Babenko et al., 1998). Assembly of KIR andvocative possibility is the one described above for
SUR occurs in the ER and early Golgi (Zerangue et al.,heteromultimer formation. mRNAs for similarly fated
1999), and putative recognition domains have beensubunits that form a common structure could be pre-
identified (Schwappach et al., 2000; Tucker and Ash-packaged together in ribonucleoprotein complexes,
croft, 1999). Both the KIR and SUR subunits have cyto-analogous to operons and their polycistronic mRNAs
plasmic RKR sequences, which must be masked byin prokaryotic organisms, and coordinately translated.
assembly of the octomer before the channel can beSuch clustered complexes do exist for some mammalian
transported to the cell surface (Zerangue et al., 1999).transcripts (Keene and Tenenbaum, 2002).
Similar motifs exist in a cytosolic domain of CFTR (RXT;
Gilbert et al., 1998) and in the C terminus of a GABABStop-and-Go Traffic
receptor subunit (RSRR; Margeta-Mitrovic et al., 2000).Neuronal excitability requires more than the simple man-
In the latter case, heterodimeric coiled-coil interactionsufacture and assembly of ion channel proteins. The cell
shield the motif, allowing the complex to be expressedmust provide mechanisms for appropriate exit from the
at the cell surface. Masking of retention/retrieval motifsER, targeting, localization, abundance, and turnover, all
could be a general mechanism for quality control in ion
of which govern the levels of surface expression and
channel assembly.
distribution of ion conductances. Several mechanisms
A very different motif, PL(Y/F)(F/Y)xxN, in the first
underlie the ER exit decision for an ion channel. First, transmembrane domain (M1) of the nicotinic acetylcho-
there are retention/retrieval signals for improperly folded line receptor channel (nAChR)  subunit, governs traf-
or assembled channels, e.g., CFTR, KATP, GABAB, AChR, ficking of correctly assembled pentameric channels.
and NMDA channels (Margeta-Mitrovic et al., 2000; This motif must be masked for forward trafficking to
Scott et al., 2001; Standley et al., 2000; Wang et al., occur, thus preventing surface expression of unassem-
2002a; Xia et al., 2001; Zerangue et al., 1999). Second, bled monomers or partially assembled complexes.
anterograde signals may be necessary for exporting Moreover, this motif, if exposed, promotes rapid degra-
properly assembled channels, e.g., KIR, Kv1.4, and dation of the protein (Wang et al., 2002a).
SUR1 (Li et al., 2000; Ma et al., 2001, 2002; Sharma et Yet another example of masking a retention motif is
al., 1999; Stockklausner et al., 2001). Third, the phos- in the CNG channels. A distal C-terminal domain in the
phorylation state of the channel could determine exit A subunit interacts with an N-terminal region of the B
from the ER (Scott et al., 2001; Xia et al., 2001). Fourth, subunit to mask a short sequence in the B subunit,
association of the channel with scaffolding/anchoring thereby allowing surface expression of the CNG channel
proteins (Scott et al., 2001; Standley et al., 2000; Tiffany (Trudeau and Zagotta, 2002). Disruption of this regula-
et al., 2000; Xia et al., 2001) may be required for proper tory interaction by a truncation mutation underlies retini-
surface expression. Although the mechanism is un- tis pigmentosa, an inherited eye disease.
known, scaffold binding could influence the ability of The second class of exit determinants, anterograde
retention and anterograde signals to do their jobs. Fifth, signals, is illustrated by KIR 1.1 and 2.1 channels. Here,
subunit composition and stoichiometry determine sur- diacidic motifs (e.g., ENE, EXD) function as direct ER
face expression. Sixth, misfolding of the protein can export signals (Ma et al., 2001). These signals do not
prohibit ER exit, even in the absence of known retention act by promoting correct folding or assembly, nor are
signals. Here, we will focus on only a few of these cases, they context dependent. When inserted into Kv1.2, a
again illustrating the principle of economy of purpose, poor surface expressor (Shi et al., 1996), FCYENE pro-
i.e., the cell often uses the same auxiliary subunit for moted Kv1.2 expression, similar to the effects produced
by Kv2. This raises the intriguing possibility that Kv2both assembly and function.
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may facilitate surface expression because it forms a expression. In L-type calcium channels, AKAP regulates
expression independently of PKA activation. The mech-tight complex with  subunits and contains export sig-
nals. This would suggest a speedy escort function rather anism appears similar to the masking strategy used in
KATP channel assembly. AKAP likely masks a retention/than a classical chaperone folding function for Kv2.
The flanking residues of diacidic motifs are also critical retrieval motif in the II-III linker of the Ca2 channel (Altier
et al., 2002) (Figure 4). This raises the intriguing possibil-for ER export and vary among K channels, thus provid-
ing a mechanism for differential distributions of K chan- ity that scaffolding proteins at the plasma membrane,
used to complex the L-type Ca2 channels with PKA andnels on the cell surface.
A combination of both retrograde and anterograde PP2A (Davare et al., 1999), may also facilitate channel
biogenesis. A similar role has been ascribed to the cal-signals can together govern ER exit. For example,
C-terminal export signals also exist in the SUR subunit cium channel  subunit, which masks a retention motif
in the I-II linker domain of the  subunit (Bichet et al.,and regulate KATP surface expression (Sharma et al.,
1999). Together with the retrograde RKR motif, these 2000). In addition to a masking mechanism,  binding
could induce conformational modifications of the chan-anterograde signals ensure that correctly assembled
octomeric KATP arrives at the plasma membrane. Another nel structure, thus permitting it to pass ER inspection
and exit. Alternatively, the  subunit itself, by bindingexample is KCNK, a homodimeric 2-pore K channel
that modulates excitability of nerves and muscle to the I-II loop, could be conformationally altered and
thus acquire anterograde signaling potential.(Goldstein et al., 2001; Lesage and Lazdunski, 2000). In
this case, a third determinant, phosphorylation, joins in If large complexes of pore-forming and regulatory
auxiliary units exist in the ER, then this would providethe regulation of ER exit. Dibasic motifs (e.g., one, two,
or three sequential arginines or lysines) lead to ER reten- a panoply of interactions for cellular crosstalk. Specifi-
cally, signaling pathways might regulate biogeniction (Nilsson et al., 1989; Teasdale and Jackson, 1996;
Zerangue et al., 2001), and a cytosolic protein, 14-3-3, events. For example, ZIP proteins, which themselves
can be regulated by growth factors, link PKC- withallows forward movement. The unphosphorylated chan-
nel supports the retention mechanism; the phosphory- Kv subunits (Gong et al., 1999), which, in turn, have
chaperone, scaffolding, and/or export roles in Kv as-lated channel supports the forward mechanism and in-
hibits the retention mechanism (O’Kelly et al., 2002). This sembly. Another example is G, which binds to Kv1.1
and to Kv1.1 and stabilizes the Kv1.1-Kv1.1 complex,scenario is likely to be quite general. For example, class
II-invariant chain complexes have a dibasic retention possibly early in biosynthesis in the ER (Jing et al., 1999).
This provides the tantalizing possibility of coupling Gmotif, and anterograde trafficking involves a similar
push-pull, phosphorylation-dependent mechanism (An- protein signal transduction, initiated by extracellular sig-
nals at the cell surface, to control of channel assemblyderson et al., 1999; Kuwana et al., 1998; O’Kelly et al.,
2002; Schutze et al., 1994). In these cases, a diversity in biosynthetic intracellular organelles. By extension, we
imagine that the combinations of other signaling mole-of serine kinase phosphorylation sites regulates traffick-
ing. No doubt, sites for many other kinases will play a cules, auxiliary subunits and pore-forming channel sub-
units might govern channel biogenesis. Finally, if macro-role as well. Similarly, certain nicotinic AChR channels
are retained in the ER due to a dibasic motif in a cytosolic complexes that recruit kinases and phosphatases are
assembled in the ER, then phosphorylation/dephos-loop of the channel protein. 14-3-3 releases the channel
in a phosphorylation-dependent interaction to forward phorylation could also modulate biogenesis through sig-
naling pathways.transport (Jeanclos et al., 2001; Keller et al., 2001;
O’Kelly et al., 2002). Phosphorylation is also implicated Another determinant of ER exit, subunit composition
and stoichiometry, may influence exit as a consequencein the biogenic role of Kv subunits. These subunits
have many phosphorylation sites and cytosolic ZIP1 and of masking defaults. However, in most cases, putative
retrograde and anterograde motifs are unknown. ThisZIP2 (PKC- interacting protein) bind to Kv2 subunits
and PKC-, thus serving as physical linkers (Gong et al., is true for so-called silent subunits that become func-
tional if expressed with specific Kv channel subunits1999). ZIP1 and ZIP2 differentially stimulate phosphory-
lation of Kv2 by PKC- and may be responsible for (Ficker et al., 2001; Kennedy et al., 1999; Ottschytsch
et al., 2002; Zarei et al., 2001). Alternatively, associationspecific regulation of PKC- phosphorylation. When
does ZIP stimulate PKC- phosphorylation of Kv2? of other combinations can prevent expression at the cell
surface (Bond et al., 1994; Pessia et al., 1996; TuckerCould it be before Kv and Kv2 associate, or only after
the octomeric complex is assembled? If before, then et al., 1996). Both mechanisms conspire to modulate
surface conductance (Manganas and Trimmer, 2000).phosphorylation may play a biogenic role.
A fourth determinant of ER exit is the association This case is particularly illustrated by the Kv channel
families.of channels with scaffolding/anchoring proteins. Such
proteins recruit others to the channel to form macrocom- The Kv channel family includes eleven different sub-
families, Kv1.-Kv11. The first four subfamilies form func-plexes. Included among the ion channel macrocom-
plexes at the plasma membrane are direct channel- tional channels when expressed alone, whereas Kv5.-
Kv11. do not (Ottschytsch et al., 2002). Some of thekinase-phosphatase complexes, which provide efficient
regulation of channel function. Some of these com- latter Kv channels contain no known retention or export
sequences, suggesting that the defect is an assemblyplexes are mediated by anchoring proteins, e.g.,
A-kinase anchoring proteins (AKAPs), which recruit pro- problem. These silent subunits will not self-associate.
If oligomerization and folding are coupled events (Koso-tein kinase A (PKA) to the channel (Gray et al., 1998).
Phosphorylation then modulates channel activity. How- lapov and Deutsch, 2003; see above), then inhibited self-
association also precludes complete folding and leadsever, AKAP has a dual mission: it also regulates surface
Review
273
kinase C regulates MHC class II trafficking to antigen-processingto ER retention. However, these silent subunits will form
compartments. J. Immunol. 163, 5435–5443.functional heterotetrameric channels with members of
Babenko, A.P., Aguilar-Bryan, L., and Bryan, J. (1998). A view ofthe Kv2 family, producing currents with different proper-
SUR/KIR6.X, KATP channels. Annu. Rev. Physiol. 60, 667–687.ties from homotetramer Kv2 currents (Ottschytsch et
Bahring, R., Dannenberg, J., Peters, H.C., Leicher, T., Pongs, O.,al., 2002; Patel et al., 1997; Salinas et al., 1997; Zhu et
and Isbrandt, D. (2001). Conserved Kv4 N-terminal domain criticalal., 1999). The silent subunits have wide tissue distribution,
for effects of Kv channel-interacting protein 2.2 on channel expres-
including the brain, and are retained in the ER (Ottschytsch sion and gating. J. Biol. Chem. 276, 23888–23894.
et al., 2002). Because they represent approximately one- Ban, N., Nissen, P., Hansen, J., Moore, P.B., and Steitz, T.A. (2000).
third of all Kv subunits, silent subunits provide a large The complete atomic structure of the large ribosomal subunit at 2.4
pool of modifiers from which the cell may choose, thus A resolution. Science 289, 905–920.
significantly molding the repertoire of K conductances Beck, E.J., Bowlby, M., An, W.F., Rhodes, K.J., and Covarrubias, M.
(2002). Remodelling inactivation gating of Kv4 channels by KChIP1, aat the cell surface.
small-molecular-weight calcium-binding protein. J. Physiol. 538,And, finally, a sixth determinant of ER exit is the folded
691–706.state of the channel. For example, several mutations in
Beckmann, R., Spahn, C.M., Eswar, N., Helmers, J., Penczek, P.A.,the cardiac HERG channel and in the CFTR channel fail
Sali, A., Frank, J., and Blobel, G. (2001). Architecture of the protein-to exit the ER (Ficker et al., 2000; Furutani et al., 1999;
conducting channel associated with the translating 80S ribosome.
Skach, 2000; Zhou et al., 1998) and the defect is usually Cell 107, 361–372.
assumed to be misfolding. However, what does this Berisio, R., Schluenzen, F., Harms, J., Bashan, A., Auerbach, T.,
mean? Does it mean minimal disruption that exposes a Baram, D., and Yonath, A. (2003). Structural insight into the role of
retention motif, a global unwinding of a helix, or an the ribosomal tunnel in cellular regulation. Nat. Struct. Biol. 10,
366–370.interrupted intramolecular interface? Moreover, a mis-
Bichet, D., Cornet, V., Geib, S., Carlier, E., Volsen, S., Hoshi, T., Mori,folding diagnosis could be erroneous, because aberrant
Y., and De Waard, M. (2000). The I–II loop of the Ca2 channeltrafficking may have other causes. In some cases, defec-
alpha1 subunit contains an endoplasmic reticulum retention signaltive trafficking can be restored by lowering incubation
antagonized by the beta subunit. Neuron 25, 177–190.temperatures or by channel blockers or chemical chap-
Bond, C.T., Pessia, M., Xia, X.M., Lagrutta, A., Kavanaugh, M.P.,erones (Howard and Welch, 2002; Paulussen et al., 2002;
and Adelman, J.P. (1994). Cloning and expression of a family
Rajamani et al., 2002; Zhou et al., 1999). These examples of inward rectifier potassium channels. Receptors Channels 2,
may offer clues. Restoration with channel blockers, for 183–191.
example, suggests a folding defect and that the blocker Borel, A.C., and Simon, S.M. (1996). Biogenesis of polytopic mem-
acts as a stabilizing ligand. brane proteins: membrane segments assemble within translocation
channels prior to membrane integration. Cell 85, 379–389.
Choi, K.M., and Brimacombe, R. (1998). The path of the growingA Final Comment
peptide chain through the 23S rRNA in the 50S ribosomal subunit;We have seen that the birth of a channel proceeds in a
a comparative cross-linking study with three different peptide fami-
complex and wondrous fashion, from protein formation lies. Nucleic Acids Res. 26, 887–895.
within the ribosome to macrocomplex assembly in the Clark, P.L., and King, J. (2001). A newly synthesized, ribosome-
ER. Though this ontological journey has many unknown bound polypeptide chain adopts conformations dissimilar from early
steps, the questions raised here are but mere hints of in vitro refolding intermediates. J. Biol. Chem. 276, 25411–25420.
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